In the present paper, MoSi 2 (Cr 5 Si 3 )-RSiC composites were prepared via a combination of precursor impregnation pyrolysis (PIP) and MoSi 2 −Si−Cr alloy active melt infiltration (AAMI) process. Composition, microstructure, mechanical retention characteristics, and oxidation behaviors of the composites at elevated temperature were studied. X-ray diffraction (XRD) pattern confirms that the composites mainly compose of 6H-SiC, hexagonal MoSi 2 , and tetragonal Cr 5 Si 3 . Scanning electron microscopy (SEM) image reveals that nearly dense MoSi 2 (Cr 5 Si 3 )-RSiC composites exhibiting three-dimensionally (3D) interpenetrated network structure are obtained when infiltrated at 2173 K, and the interface combination of the composites mainly depends on the composition ratio of infiltrated phases. Oxidation weight gain rate of the composites is much lower than that of RSiC matrix, where MoSiCr2 possesses the lowest value of 0.1630 mg⋅cm −2 , about 78% lower than that of RSiC after oxidation at 1773 K for 100 h. Also, it possesses the highest mechanical values of 139.54 MPa (flexural strength σ f and RT) and 276.77 GPa (elastic modulus E f and RT), improvement of 73.73% and 29.77% as compared with that of RSiC, respectively. Mechanical properties of the composites increase first and then decrease with the extension of oxidation time at 1773 K, due to the cooperation effect of surface defect reduction via oxidation reaction and thermal stress relaxation in the composites, crystal growth, and thickness increase of the oxide film. Fracture toughness of MoSiCr2 reaches 2.24 MPa·m 1/2 (1673 K), showing the highest improvement of 31.70% as compared to the RT value.
Introduction
Re-crystallized silicon carbide (RSiC) is well-known for its excellent creep resistance, high strength, high hardness, oxidation resistance, chemical stability at elevated temperature, high thermal conductivity, relatively low coefficient of thermal expansion, and low density [1, 2] . It has been receiving attention as materials for load-bearing and electrical-heating parts at high temperature, thermal exchanger, hot gas particulate filters, and reactor, etc. [1, [3] [4] [5] .
RSiC does not shrink during its re-crystallization process at about 2573 K because of the evaporation− condensation mechanism, which results in a threedimensionally (3D) interconnected porous structure [2, 6] . The interconnected porous structure severely reduces the mechanical, thermal, and electronic properties, as well as to the high-temperature oxidation resistance of RSiC itself. What's more, the lower oxidation resistance of RSiC degrades other properties such as mechanical, electrical properties, and acutely reduces the service life [2, 6, 7] when it works at high-temperature oxidation condition.
Recently, a new type of ceramic-metal composite, in which both phases are continuous and 3D interpenetrating in the whole microstructure, has drawn considerable attention [8, 9] . This kind of composites exhibits multi-functions for their special structure and remaining performance of each phase; the most general method for fabricating these composites is to impregnate the desired phases into the pre-existing open-cell porous preform, thereby producing the requisite connectivity and spatial distribution of two or more phases [1, 10] .
The main purpose of this study is to prepare a dense RSiC matrix composite exhibiting a 3D interpenetrated network structure by filling up the pores of the matrix with an infiltrator, which possesses excellent hightemperature oxidation resistance. The target composites would combine the excellent creep resistance and high strength of RSiC matrix with the excellent hightemperature oxidation resistance of the infiltrator. According to the previous studies, metal silicides (MoSi 2 , Cr 5 Si 3 , and Ti 5 Si 3 , etc.) are good candidates [11] [12] [13] [14] .
The method of melt infiltration has been reported by many researchers on either molten silicon, silicon metal alloy, or metal disilicides via the infiltration or reactively infiltration into the porous preforms of C, SiC, or SiC+C, etc. [15] [16] [17] [18] [19] . Novakovic et al. [20] , Xu [21] , Roger et al. [22] , and Jiang et al. [23] performed the thermodynamics calculation on the corresponding reaction occurred during infiltrated process. Calderon et al. [24] , Caccia et al. [25] , and Voytovych et al. [26] studied the wetting properties between the infiltrated phase and matrix. These references proved the feasibility of the abovementioned process.
While the high melting point of metal silicides (most are above 2273 K) and the poor interface combination between infiltrated phase and RSiC matrix prevent the further research on RSiC matrix composites [1] . Xie et al. [2] also try to improve the interface combination using precursor impregnation pyrolysis and melt infiltration (PIP−MI) combined process, while the expensive precursor (polycarbosilane, PCS) and higher infiltrated temperature (at about 2323 K) limit the application of the obtained composites.
Meier and Heinrich [27] reported the use of MoSi 2 alloy (MoSi 2 −Si−X (X = Cr, Ti, Al, etc.)) activated melting infiltration method to produce the MoSi 2 -SiC composite at a lower temperature (below 2073 K), in which SiC+C green body works as the matrix. The obtained composites exhibit excellent mechanical properties at room and elevated temperatures. In this infiltrated system, Si (low melting point, 1683 K) helps to reduce the infiltrated temperature via the formation of uniform pre-melted alloy, and the excessive Si can react with X or existed C to form the metal silicide and SiC to avoid the decline of high-temperature mechanical properties of the composites under oxidation surroundings [27, 28] .
In this paper, PIP (phenol formaldehyde resin, PF)−AAMI (MoSi 2 −Si−Cr) combined process was adopted to prepare dense MoSi 2 −RSiC composites. The composition, microstructure, mechanical retention characteristics, and oxidation behaviors of the composites at elevated temperature were studied. Several interesting results were obtained. Table 1 , the mixture powder was ball milling and was pressed into disks, then the disks were heated to 1673 K for 1-2 h at the rate of 10 K·min -1 to obtain pre-melted alloy blocks with uniform compositions [30, 31] .
Experimental

1 Raw materials
PIP process
PIP process was performed to obtain pyrolytic C (PyC) layer on the inner surface of RSiC matrix, and the thickness of PyC layer was controlled via controlling the PIP cycles when RSiC was employed as the preform and PF as the organic precursor [31, 32] . Detailed PIP processes were as follows: RSiC preform was located in an autoclave and then heated to 303 K. When the autoclave was vacuumized less than 0.01 MPa, the diluted solution of PF in ethanol (50% v/v) at 303 K was injected into the autoclave until the preform was completely submerged in PF solution and then dwelled at this pressure for 2 h. Subsequently, the PF solution covered preform was subjected to 0.8 MPa and dwelled for 1 h. After impregnation, the preform was taken out and centrifuged, then it was heated to 353 K and cured for 2 h. After curing, the preform was carbonized up to 1273 K, 2 h under an Ar atmosphere at a rate of 2 K·min -1 . Also, several cured PF blocks were carried in similar pyrolysis process to obtain C powder for the determination of C in PyC−RSiC materials.
Infiltrated process
Infiltrated process was mainly conducted at 2173 K . Apparent porosity and volume density of the obtained composites were measured using Archimedes method [35] . Pore size distribution was determined by mercury intrusion porosimetry (MIP, Pore Master-60, Quantachrome, USA). The He permeation characteristics of the composites were measured according to Ref. [36] using a Helium Mass Spectrometer Leak Detector (ZQJ-2000, Beijing Zhongke Keyi Co., Ltd., China).
The microstructure and element analysis of the obtained composites were performed with a scanning electron microscope (SEM FEI Quanta 200) equipped with an energy dispersive spectrometer (Oxford).
A GKZ-II servohydraulic testing machine with the indenter and holder made of dense SiC material equipped with a split furnace attachment was conducted to study the temperature dependence of mechanical properties of the obtained composites [1, 37] . The load is recorded by the attached weighting sensor, at the same time, displacement sensor is used to record the displacement of material under stress, and the accuracy for both data is ±1%. All specimens were ground with diamond wheels and the tensile surfaces were polished better than 1 µm in advance; the edges of samples were beveled to avoid stress concentration during testing. A batch of five specimens were tested and the obtained values were averaged. Specimens with the size of 3 mm × 4 mm × 50 mm were used to measure the three-point flexural strength (σ f ) and elastic modulus (E f ) with a span of 30 mm and a loading rate of 0.5 mm·min -1 [1, 38] . The fracture toughness (K IC ) of the as-prepared samples was measured by the single-edge-notched-beam (SENB) method, the size of the specimens was 4 mm (height) × 2 mm (width) × 35 mm (length) with a span of 15 mm and a loading velocity of 0.5 mm·min -1 , and the notches were incised www.springer.com/journal/40145 in the middle of the samples along the height using a circular saw with a width of 0.3 mm to the depth of 1-1.5 mm [39] .
Composites with the same size and pre-treated process were used for oxidation resistance and mechanical properties test before and after oxidation at different time. The oxidation process was described as followings: samples were heated to 1373, 1473, 1573, 1673, and 1773 K at a rate of 10 K·min -1 and soaked 10 h at the temperature, respectively, then they were cooled down to room temperature naturally. The operation was repeated 10 cycles, and a batch of five specimens was kept every cycle for weight change and mechanical property measurement. All operations were performed in static air using a MoSi 2 heating furnace, and the temperature accuracy was estimated to be ±10 K. For comparison, RSiC matrix was pre-treated and oxidized at the same condition. physical properties, such as coefficient of thermal expansion (CTE), melting point (m.p.) [14, 42] .
Porosity characteristic and volume density of the MoSi 2 (Cr 5 Si 3 )-RSiC composites
Apparent porosity and volume density of RSiC, PyC-RSiC, and MoSi 2 (Cr 5 Si 3 )-RSiC composites measured via Archimedes method [43] [44] [45] are listed in Table 2 . It can be seen that the apparent porosity of PyC-RSiC is slight lower than that of RSiC, whereas its volume density is higher, owing to the PyC derived from PIP existing on the pore surface of RSiC, thereby decreasing the porosity and increasing the density of RSiC matrix [31] . As for the composites, it can be seen clearly that with the increase of MoSi 2 content in pre-melted alloy powder (Table 1) , the apparent porosity of the corresponding composites increases while that of volume density decreases. MoSiCr1 composites possess the minimum apparent porosity (0.18%) and maximum volume density (3.19 g⋅cm ), respectively, suggesting that PIP-AAMI method can prepare dense MoSi 2 (Cr 5 Si 3 )-RSiC composites when infiltrated at 2173 K, which is about [46] , which exhibits these pores are not through holes and only exist on the surface of the composites. Values of He permeation rate of the composites are determined according to Ref. [36] and are also listed in Table 2 . It can be seen that the obtained composite exhibits a lower He permeation value, as compared to Dabir et al. [47] , supporting the result that the obtained composites are dense and without through holes, which is consist with the lower porosity obtained by Archimedes method and low pore volume via mercury intrusion porosimetry ( Table 2 ).
Given that pre-melted alloy phase exhibits an excellent wettability with RSiC matrix at about 2173 K [34] , it can easily diffuse into RSiC and fill in the pore via capillary action, producing a dense MoSi 2 (Cr 5 Si 3 )-RSiC composite [1, 34] . As we know that MoSi 2 owns the highest melting point among the three components in pre-melted alloy powder (MoSi 2 2303 K, Si 1683 K, and Cr 2130 K) [1, 48] . The viscosity and mobility of the pre-melted alloy phase decrease with the increase of MoSi 2 content at infiltrated temperature (2173 K), producing an increase of the apparent porosity in the composites [49, 50] . Variety of volume density depends on not only the porosity but also the composition of the composites, as the difference of theoretical densities for SiC ( Fig. 3 . RSiC exhibits a typical 3D interconnected porous structure in Fig. 3(a) . In Figs. 3(b) and 3(b1) , it can be clearly seen that PyC derived from PIP process uniformly covers on the surface of RSiC particle and combines well with it, the thickness of PyC layer ranges between 0.33 and 0.35 μm [31] . As shown in Fig. 3(c) , the obtained composites exhibit a 3D interconnected network structure, both SiC phase (gray part) and infiltrated phases (white part) are continuous and 3D interpenetrating throughout the entire body of the composites [1] .
As shown in Figs. 3(c1) and 3(c2), different composites exhibit different interface combinations, for MoSiCr1 and MoSiCr2 (Fig. 3(c1) ), no micro-crack is observed between RSiC matrix and infiltrated phase; while for MoSiCr3, MoSiCr4, and MoSiCr5 (Fig. 3(c2) ), a clear micro-crack exists, suggesting that different compositions of infiltrated phase (i.e., different weight ratios of MoSi 2 , Cr 5 Si 3 , and Mo 4.8 Si 3 C 0.6 ) could produce different interface combination in the composites [14, 31, 42] . Figure 3 (c3) displays the interface line-scan EDS spectra of Fig. 3(c1) . Both Mo and Cr diffuse into the newly formed SiC to form the Mo 4.8 Si 3 C 0.6 phase and Cr 5 Si 3 phase, and produced via the reaction of MoSi 2 with PyC, Cr, and Si, etc., as listed in Eqs. (1)-(3) .
Namely, PIP process can modify the interface combination between RSiC matrix and infiltrated phases through the interfacial diffusion reaction in the composites, as compared to that of MoSi 2 -RSiC composites prepared via simple MI process [1, 2, 31] , which helps to improve the oxidation resistance and mechanical properties of the composites under oxidized atmosphere [2] . , about 78% lower than that of RSiC matrix after 100 h oxidation, which can be due to the excellent interface combination in the composites, as shown in Fig. 3(c1) .
2 Oxidation behavior and mechanical property variety of the MoSi 2 (Cr 5 Si 3 )-RSiC composites during high-temperature oxidation
Oxidation behavior of the MoSi 2 (Cr
Oxidation kinetics analysis of the MoSi 2 (Cr 5 Si 3 )-RSiC composites
In order to analyze the oxidation kinetics of the composites, oxidation behavior of MoSiCr2 sample and RSiC (for comparison) at different temperatures for different time was conducted [52] . Plots of the oxidation weight loss for RSiC and MoSiCr2 composites vs. time and temperatures are shown in Fig. 5 . The weight of both samples increases with the increase in oxidation time and temperature, and all trends exhibit parabolic behavior. The weight gain rate of MoSiCr2 samples is much lower than that of RSiC regardless of temperatures, once again indicating that the composites possess improved oxidation resistance. Square of weight change per unit area vs. the oxidation time at different temperature of RSiC and MoSiCr2 samples is shown in Fig. 6 , the square of weight change per unit area for both samples is proportional to the oxidation time at a fixed temperature, and slope of the line represents the rate constant of sample oxidation at a fixed temperature [53] . The corresponding rate constants (k) are listed in Table 3 , which are calculated using Eq. (4) as follows [53] :
where w is the weight change per area (mg/cm 2 ), t is the oxidation time, and b is a constant. As shown in Table 3 , the value of k for RSiC is nearly two orders of magnitude higher than that of the composites at the same temperatures, which also demonstrates the improvement of oxidation resistance for the composites. Relationship between the reaction rate constant and temperature follows the Arrhenius equation Eq. (5) [54] .
where A is the pre-exponential factor, E a is the apparent activation energy (kJ/mol) of the oxidation reaction in RSiC and MoSi 2 (Cr 5 Si 3 )-RSiC composites, T is the absolute temperature (K), and R is the gas constant (8. and T are obtained from Fig. 5) , the values of E a are obtained from the slopes of the curves. The Arrhenius curves of RSiC and MoSiCr are shown in Fig. 7 , and the extracted values of E a are also displayed in Fig. 7 reactions occurred at this process were as Eqs. (7) and (8). Figure 9 shows SEM images of the surface and fracture of RSiC and MoSi 2 (Cr 5 Si 3 )-RSiC composites oxidized at 1773 K for 100 h. Many micro-cracks can be observed existing in flat SiO 2 film on RSiC surface (Fig. 9(a) ), due to the transition of amorphous SiO 2 into cristobalite SiO 2 upon cooling. These micro-cracks turn to be closed when reheated. In addition, the CTE exists a mismatch between the oxidation product of SiO 2 (CTE SiO2, cristobalite = 0.55 × 10 -6 K -1 ) and RSiC (CTE RSiC = (4.8 -5.2) × 10 -6 K -1 ) during the cyclic heating and cooling process [2] . When cracks propagate deeply into the material, they promote oxidation and degrade the other properties of RSiC.
As for MoSiCr2, although the oxide film surface is rough, no cracks are observed (Fig. 9(a1) ). The XRD spectrum indicates the existence of SiO 2 and Cr 2 O 3 phases, and no MoO 3 (Fig. 8) . As we know that the boiling point of MoO 3 is 1423 K, it would be evaporated during oxidation process as soon as it is formed [2, 55] . The evaporation of MoO 3 and CO 2 (or CO) can produce a rough but dense film surface that helps to relax the thermal stress caused by the CTE mismatch between RSiC matrix, the formed oxides of SiO 2 (cristobalite), and Cr 2 O 3 (CTE = 8.28 × 10 -6 K -1 ) [56] .
Figures 9(b) and 9(c) indicate that the oxidation of RSiC occurs not only on the external surface but also on the internal surface, and the oxide film has a thickness of approximately 4.0 µm. Figures 9(b1) and 9(c1) indicate that the internal surfaces of MoSiCr2 composites exhibit minimal oxidation and no oxide film is formed, the oxidation reaction only occurs on the external surface.
The thicknesses of oxide film on the external surface of RSiC and the composites at different oxidation time are presented in Table 4 (determined by the SEM images). It indicates that the thickness of the oxide film increases with the extension of oxidation time, and the thickness of RSiC sample is much lower than that of the composites. Among five kinds of composites, the thickness slightly decreases then increases with the increase of MoSi 2 content in pre-melted alloy compositions (Table 1) . Based on Figs. 4 and 9, and Table 4 , it is easy to see that higher weight gain rate of RSiC is due to the oxidation occurred on both the interior and exterior surfaces, and the lower weight gain rate of the composites is attributed to the reduced surface exposed to oxygen because the pores in RSiC are filled by infiltrated phases, allowing the oxidation reaction only occurs on the exterior surface. 3 and CO 2 (or CO) may produce micropores on the mixture films to relax the mismatch of CTE between RSiC, MoSi 2 , and oxides, and also the high temperature can reduce or remove the internal thermal stress of the composites to improve the mechanical properties [1] . A further extension of oxidation time may result in the crystal growth and thickness increase of oxide layer, which has a negative role on the mechanical properties of the composites.
Mechanical variety of the MoSi 2 (Cr
The combination of surface defect reduction via oxidation reaction, thermal stress relaxation in the composites, crystal growth, and thickness increase of the oxide layer results in the mechanical properties of the composites exhibiting an increasing firstly and then decreasing trend with extension of the oxidation time.
4 Temperature dependence of mechanical retention properties of the MoSi 2 (Cr 5 Si 3 )-RSiC composites
Experimental flexural stress−strain curves of MoSiCr2 tested in air at different temperatures are shown in Fig. 11 . All curves display an approximately linear behavior, regardless of the temperature, namely a brittle fracture. As we know that the brittle-ductile transition temperature (BDTT) of MoSi 2 is in the vicinity of 1273 K, and it will occur a plastic deformation above this temperature [57] , while the rigid framework of RSiC and the special 3D interpenetrating network of the composites can confine this deformation [2, 58] , resulting in a brittle fracture behavior for the MoSi 2 (Cr 5 Si 3 )-RSiC composites. , about 78% lower than that of RSiC matrix after oxidation at 1773 K for 100 h. The infiltrated phases filling the pores of RSiC primarily contributed to the improvement for impeding the occurrence of oxidation reaction on the internal surfaces of the composites.
(3) MoSiCr2 possessed the highest mechanical properties of 139.54 MPa (σ f ) and 276.77 GPa (E f ), improvement of 73.73% and 29.77% compared with that of RSiC, respectively. Also, the mechanical properties of the composites increased first and then decreased with the extension of oxidation time, due to the co-operation effects of surface defect reduction via the oxidation reaction and thermal stress relaxation in the composites, crystal growth and thickness increase of the oxide film. 
